The reactions of Ru(bpy) 2 (CO 3 ) (bpy=2,2%-bipyridine) and Ru(phen) 2 (CO 3 ) (phen= 1,10-phenanthroline) with the binucleating phenolato diimine function, OH C 6 H 4 C(CH 3 ) N CH 2 C 6 H 4 CH 2 N (CH 3 )C C 6 H 4 OH, H 2 L in ethanol solvent under dinitrogen atmosphere result in ruthenium bipyridine/phenanthroline heterochelates [Ru(bpy) 2 /(phen) 2 L%](ClO 4 ) 1 where L% corresponds to the ketonic imine function − O C 6 H 4 C(CH 3 ) N H incorporating the rare C N H fragment. In the course of the reaction the N C bond of the diimine function in H 2 L has been selectively cleaved. The formation of 1 has been authenticated by single-crystal X-ray structure of the bipyridine derivative (1a). The RuN 5 O coordination sphere is distorted octahedral. The diamagnetic complexes 1 exhibit 1:1 conductivity in acetonitrile solution. The complexes show strong Ru II p*(bpy)/(phen) MLCT transitions in the visible region and intra-ligand transitions in the UV region. The complexes exhibit moderately strong emissions near 700 nm from the lowest energy MLCT bands (b= 1.7-2.2× 10 − 2 ). The complexes (1a and 1b) display reversible ruthenium(III)-ruthenium(II) couple near 0.5 V, irreversible ruthenium(III) ruthenium(IV) oxidation near 1.7 V and one ligand-based (L%) oxidation near 2.0 V versus SCE. The reductions of the bpy and phen ligands have been observed at the negative side of SCE. The electrochemically oxidized ruthenium(III) complexes (1a + and 1b + ) are found to be unstable at 298 K and exhibit rhombic EPR spectra having three distinct g values corresponding to the trivalent ruthenium(III) under distorted octahedral arrangement. The oxidized complexes (1a + and 1b + ) exhibit LMCT transitions near 750 nm.
Introduction
Metal ion mediated transformation of organic molecules is known to be a fundamentally important chemical process [1, 2] . This may lead to the formation of important molecules which are otherwise difficult or even impossible to synthesize by following the conventional routes [3] [4] [5] [6] [7] [8] . In this process the metal ion acts as a pivot, which provides a suitable chemical platform in directing the reaction equilibrium. In recent years we have observed the effective role of ruthenium, osmium, cobalt and rhenium complexes in catering the unusual and selective organic transformations [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this article we wish to report a reaction where the N C bond of the binucleating bridging ligand, OH C 6 H 4 C(CH 3 ) N CH 2 C 6 H 4 CH 2 N (CH 3 )C C 6 H 4 OH, H 2 L has been selectively and directly cleaved in the presence of ruthenium starting complexes [Ru-(bpy) 2 CO 3 ] and [Ru(phen) 2 CO 3 ] (bpy= 2,2%-bipyridine and phen= 1,10-phenanthroline) [19] . Although our primary intention was to develop the binuclear ruthenium-bipyridine and phenanthroline complexes by using the phenolato imine based bridging ligand H 2 L as a possible photo-redox assembly, the reactions in turn lead to the formation of mononuclear rutheniumbipyridine/phenanthroline derivatives [Ru(bpy) 2 / (phen) 2 
L%]
+ 1, where L% corresponds to the ketonic imine function − O C 6 H 4 C(CH 3 ) N H incorporating rare − C(CH 3 ) N H fragment via the cleavage of N C bond of H 2 L.
Herein we report the synthesis, a comparative spectroscopic and redox properties of the complexes (1a and 1b) and crystal structure of the bipyridine derivative (1a).
Experimental

Materials
The starting ruthenium complexes, Ru(bpy) 2 CO 3 and Ru(phen) 2 CO 3 were prepared by following the reported procedure [20] . 2-Hydroxyacetophenone and a,a%-diamino-p -xylene were obtained from Fluka, Switzerland. Other chemicals and solvents were of reagent grade and used as received. Silica gel (60-120 mesh) used for chromatography was of BDH quality. For spectroscopic and electrochemical studies HPLC grade solvents were used. Commercial tetraethyl ammonium bromide was converted into pure tetraethyl ammonium perchlorate by following an available procedure [21] .
Physical measurements
Solution electrical conductivity was checked using Systronic-305 conductivity bridge. Magnetic susceptibility was checked with the PAR vibrating-sample magnetometer. UV-Vis spectra were recorded by using a Shimadzu 2100 spectrophotometer. FT-IR spectra were taken on a Nicolet spectrophotometer with samples prepared as KBr pellets. NMR spectra were obtained with a 300 MHz Varian FT spectrometer. Cyclic voltammetric, differential pulse voltammetric and coulometric measurements were carried out using a PAR model 273A electrochemistry system. A platinum working electrode, platinum auxiliary electrodes and a saturated calomel reference electrode (SCE) were used in a three-electrode configuration. The supporting electrolyte was [NEt 4 ][ClO 4 ] and the solute concentration was 10 − 3 M. The half-wave potential E°2 98 was set equal to 0.5(E pa + E pc ), where E pa and E pc are anodic and cathodic cyclic voltammetric peak potentials, respectively. A platinum wire gauze working electrode was used in coulometric experiments. All experiments were carried out under a dinitrogen atmosphere and were uncorrected for junction potentials. The elemental analyses were carried out with Carlo Erba elemental analyzer. The EPR measurements were made with a Varian model 109C E line X-band spectrometer fitted with a quartz Dewar for measurements at 77 K (liquid nitrogen). The spectra were calibrated by using tetracyanoethylene (tcne) radical (g= 2.0023). Solution emission properties were checked using a SPEX fluorolog spectrofluorometer. The starting complex, Ru(phen) 2 CO 3 (0.30 g, 0.57 mmol) was dissolved in ethanol (25 ml).The ligand H 2 L (0.106 g, 0.285 mmol) and anhydrous sodium acetate (0.047 g, 0.57 mmol) were then added to the above metal solution. The resulting mixture was heated to reflux under N 2 atmosphere overnight. After this the volume of the solution was reduced and a saturated aqueous solution (5 ml) of NaClO 4 was added and then cooled. The precipitate thus formed was filtered and washed thoroughly with cold ethanol followed by icecold water. The product was purified by column chromatography using a silica gel column. Initially the excess ligand was eluted with benzene. The complex 1b was separated as a dark band by acetonitriledichloromethane (1:5) mixture. On removal of solvent pure product was obtained in the solid state. Finally, the product was recrystallized from acetonitrile-benzene (1:3 v/v) mixture. Yield: 0.28 g (70%).
Preparation of the ligand H
X-ray structure determination
Single crystals of the complex 1a were grown by slow diffusion of hexane in a dichloromethane solution of 1a followed by slow evaporation. X-ray data were collected on a Nonius MACH 3 four-circle diffractometer (graphite-monochromatized Mo Ka radiation). Significant crystal data and data collection parameters are listed in Table 1 . Absorption correction was done by performing psi-scan measurement [22] . The structure was solved by using the SHELXS-93 and refined by using SHELXL-97 [23] . The metal atom was located from the Patterson map and the other non-hydrogen atoms Table 2 ). The IR spectrum of H 2 L displays one broad band at 3420 cm − 1 due to OH function and a sharp band at 1640 cm − 1 due to the (CH 3 )C N vibration. The 1 H NMR spectrum of H 2 L in CDCl 3 solvent is shown in Fig. 1 (a) and it indicates that each half of the molecule is equivalent due to internal symmetry [24] . The ligand, H 2 L displays strong transitions in the UV region due to n-p* and p-p* transitions (Table 2 , Fig.  2(a) ) [25] .
The reactions of H 2 L with the starting ruthenium bipyridine and phenanthroline complexes, Ru(bpy) 2 -(CO 3 ) and Ru(phen) 2 2 or Ru(phen) 2 core in facilitating the conversion of H 2 L L% in 1.
The complexes (1) provide satisfactory microanalytical data (Table 2 ) and are diamagnetic (Ru II , t 2g 6 ; S= 0). They exhibit 1:1 conductivity in acetonitrile solution ( Table 2 ). The vibrational frequency due to the N H emerged from successive Fourier synthesis and the structure was refined by full-matrix least-squares on F 2 . All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in calculated positions.
Results and discussion
The phenolatoimine-based binucleating bridging ligand, H 2 L has been prepared by reacting a,a%-diaminop-xylene with the 2-hydroxyacetophenone in a ratio of 1:2 in dry ethanol. The pure crystalline product has been obtained in high yield (85%). The microanalytical data of the ligand match well with the calculated values bond in the coordinated imine fragment of L% has been observed at 3310 cm − 1 [26] . The vibrations due to perchlorate anion and the imine function (w C N ) of the coordinated L% have been observed at 1100/630 and 1640 cm − 1 , respectively [27] [28] [29] . The formation of complexes 1 have been authenticated in case of bipyridine complex by the single crystal X-ray structure of 1a. The crystal structure of 1a is shown in Fig. 3 . Selected bond distances and angles are listed in Table 3 . The complex 1a is monomeric and the lattice consists of one type of molecule where the imine function (L%) is in the bidentate mode, coordinating through its oxygen and nitrogen atoms.
The single crystal of 1a contains hexane of crystallization in the ratio [Ru(bpy) 2 A , . The bond distance of C (1) N(1) is 1.240(5) A , , which is normal for a C N double bond. The ClO 4 − is tetrahedral with an average Cl O bond distance of 1.409(4) A , and average O Cl O angle of 109.48(3)°.
The 1 H NMR spectra of 1a and 1b in CDCl 3 are shown in Fig. 1 . The absence of the OH-proton of free H 2 L in the spectra of 1 indicates the metallation through the phenolato oxygen center. The asymmetric nature of L makes all the five aromatic rings non-equivalent. Therefore, the aromatic region of the spectra is complicated due to overlapping of several signals. However, the direct comparisons of the intensity of the aromatic region proton signals with that of the clearly observable methyl protons in the upfield region (l 2.31 ppm for 1a and 2.44 ppm for 1b) reveal the presence of calculated number of aromatic protons for both the complexes [33] . The NH proton appears at l 15.87 ppm for 1a and l 16.2 ppm for 1b and disappears on D 2 O treatment as expected [34] .
In acetonitrile solvent the complexes (1a and 1b) display Ru(II)p*(bpy)/(phen) MLCT transitions near 500 nm and intra ligand transitions in the UV region ( Table 2 , Fig. 2 ) [12, 35] . In the case of phenanthroline complex, 1b the MLCT transition is observed to be blue shifted as compared to the bipyridine analogue (1a).
Excitations of 1a and 1b at the lowest energy MLCT bands in 1:4 MeOH-EtOH glass at 77 K result in moderately strong emissions near 700 nm ( Table 2 , Fig.  2(b) ). The quantum yields (b) of the emission processes were determined with respect to the quantum yield of [Ru(bpy) 3 ] 2 + in 1:4 MeOH-EtOH glass at 77 K (b= 0.35) [36] by using the earlier reported procedures [37] [38] [39] . The calculated quantum yields for the complexes are listed in Table 2 . The quantum yield (b) data suggest that the emission efficiency of bipyridine (1a) and phenanthroline (1b) complexes are comparable.
The redox properties of the complexes (1a and 1b) have been recorded in acetonitrile solvent using platinum working electrode. The reduction potential data are listed in Table 4 and the representative voltammograms are shown in Fig. 4 . The complexes exhibit three successive one-electron oxidative responses at the positive side of SCE and two one-electron reductions at the negative side of SCE. The observed reversible oxidative process near 0.5 V (couple-I, Fig. 4 ) is assigned to be the ruthenium(III)-ruthenium(II) couple [40] .
The one-electron nature of the couple has been confirmed by constant potential coulometry ( Table 4 ). The coulometric oxidations of the complexes (1a and 1b) Table 3 Selected bond lengths (A , ) and angles (°) for 1a
Bond lengths
2.050(2) Ru N (1) 2.017(3) Ru N (2) 2.047( [16] .
The Ru N(bpy) bond lengths lie in the range 2.017-2.056 A , which match well with the limit of Ru N(bpy) distances (2.0-2.12 A , ) reported earlier [12, 32] . The Ru N(1) (imine nitrogen) bond length in 1a is 2.050(2) solution can be quantitatively reduced to the parent bivalent state. The oxidized green complexes 1a + and 1b + are unstable at room temperature; however, we have managed to record the EPR spectra of 1 + by quickly freezing the oxidized solutions in liquid nitrogen (77 K). The presence of trivalent ruthenium ion in the oxidized solutions has been confirmed by the characteristic rhombic EPR spectra of the ruthenium(III) species under distorted octahedral arrangement (Table  4 ) [41] . The qualitative absorption spectral data of 1a + and 1b + are listed in Table 2 and the spectrum of 1b + has been displayed in Fig. 2(c) . The complexes exhibit p(bpy)/(phen) t 2g (Ru III ) LMCT transitions near 750 nm and intraligand transitions in the UV region (Table  2 ) [30] .
The ruthenium(III)-ruthenium(II) potential decreases by 30 mV on moving from the bipyridine (1a) to the phenanthroline (1b) environment. On the other hand, replacement of one p-acidic bpy or phen function from the [Ru(bpy) 3 ] 2 + or [Ru(phen) 3 ] 2 + by the s-donating L% in the complex 1 decreases the ruthenium(III) -ruthenium(II) potential appreciably. This is due to the reduction of overall charge of the complex cation from + 2 in [Ru(bpy) 3 ] 2 + and [Ru(phen) 3 ] 2 + to +1 in 1 which provides electrostatic stabilization of the oxidized Ru III -L% species. The chemical oxidations of the complexes 1a and 1b by using aqueous ammonium cerium(IV) sulfate or ammonium cerium(IV) sulfate in 0.1 M aqueous HClO 4 also result in unstable green colored oxidized species (1a + and 1b + ). The complexes display a second irreversible oxidation process in the range 1.6-1.7 V (couple-II, Fig. 4) .The one-electron nature of the process has been established by comparing its differential pulse voltammetric current height with that of the previous reversible ruthenium(III) -ruthenium(II) couple. Based on the separation between the two successive oxidation processes (couple-II -couple-I, 1.3 V, Table 4 , Fig. 4 ) the second oxidation process may be considered to be ruthenium(III) ruthenium(IV) oxidation [42, 43] . The complexes exhibit one more one-electron irreversible oxidation process near 2.2 V (couple-III, Table  4 ). The one-electron nature of couple-III has been confirmed by differential pulse voltammetric current height. The observed third-step oxidation process possibly arises due to the oxidation of the coordinated ligand moiety (L%) as the next step metal oxidation, i.e. ruthenium(IV) ruthenium(V) process under non-oxo environment is bit unlikely [44] . However, based on the present data set the possibility of ruthenium(IV) ruthenium(V) oxidation cannot be exclusively ruled out.
The potential data (Table 4) indicate that the phenanthroline complex (1b) is relatively easier to oxidize compared to the bipyridine complex (1a).
The bipyridine-and phenanthroline-based reductions of 1a and 1b, respectively, are observed at the negative side of SCE. (Table 4 , Fig. 4) [41, 45] . 
Conclusions
We have observed the direct involvement of Ru(bpy) 2 and Ru(phen) 2 cores in facilitating the cleavage of the N C bond of the binucleating phenolato diimine function, H 2 L, which in other way is found to be fairly stable. The reaction in turn yields rutheniumbipyridine/phenanthroline heterochelates (1a and 1b) incorporating ketonic imine function, − OC 6 H 4 C(CH 3 ) N H, (L%) having rare CH N H fragment. The complexes exhibit successive one-electron oxidation and reduction processes. Phenanthroline complex (1b) is found to be oxidized at a lower potential compared to the bipyridine derivative (1b); as far as emission is concerned bipyridine complex (1a) seems to be the better choice. Electrochemical as well as chemical oxidations of the complexes lead to the formation of unstable ruthenium(III) congeners at roomtemperature.
Supplementary material
Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data Center, CCDC No. 152695 for compound 1a.
Copies of this information may be obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
